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We report a systematic study that reveals the effect of composition silicon-to-aluminum ratio and
the role of different phonon scattering processes on thermal transport in the nanoporous zeolite MFI.
This is accomplished via synthesis of a series of films with graded compositions, thermal property
measurements, and lattice dynamical modeling in the framework of the Boltzmann equation. MFI
films with different Si/Al ratios from infinity to 26 and constant h0l out-of-plane orientation
were successfully synthesized by a seeded hydrothermal process. Three-omega measurements on
these films allowed us to obtain comprehensive information on the thermal conductivity of MFI as
a function of temperature 150–450 K and Si/Al ratio. Detailed atomistic simulations energy
minimization and phonon dispersion calculations were carried out for the MFI crystal structure
with different Si/Al ratios and incorporated into a Boltzmann transport model along with
approximate theoretical expressions for describing the rate of phonon scattering through umklapp,
defect, and boundary scattering processes. The model predicts the observed thermal conductivity
behavior very well across the entire range of temperature and composition investigated, with only
a small number of fitting parameters of physical significance which allow us to distinguish the
contributions of the different phonon scattering mechanisms. In particular, our results strongly
suggest that the upper limit of thermal conductivity is defined by boundary-like scattering associated
with the pore structure of the material. Below this limit, silicon substitution with aluminum allows
considerable suppression of thermal conductivity by point defect scattering and a decrease in
phonon velocity. These findings are important from the point of view of developing a robust
platform for understanding thermal transport in complex crystalline materials with nanostructural
features such as an ordered nanopore network, which in turn serve as model systems for tuning of
phonon transport properties in complex materials. © 2007 American Institute of Physics.
DOI: 10.1063/1.2776006
I. INTRODUCTION
Zeolites are nanoporous mixed-oxide crystals with com-
plex structures formed by corner-sharing oxide tetrahedra
TO4; T=Si, Al, etc..
1 There are more than 100 zeolite struc-
tures known, as well as a large number of other frameworks
obtained by combination with elements favoring octahedral
and pentahedral coordination. The capability of altering the
composition of a given zeolite e.g., by lattice atom substi-
tution or by introducing metal cations and organic molecules
into the pores while maintaining the same crystal structure,
or conversely the ability to synthesize different crystal struc-
tures with the same composition, makes them extraordinarily
versatile materials with interesting structure-function
relationships2 as well as many important applications.3
Newly emerging applications of zeolites include low-k di-
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electric films for computer chips,4 materials for adsorption
cooling devices,5,6 and hosts for nanotube/wire arrays.7
Our interest in the thermal transport properties of zeolite
materials originates primarily from their suitability as a
model system containing complex, yet well-defined and
characterizable, nanostructural features such as an ordered
nanopore network, lattice substitution sites, metal cations or
organic species adsorbed in the pores that interact with heat-
carrying phonons, thus offering a number of opportunities
for developing and testing models for thermal conductivity
in complex crystals. The rich structural complexity of these
materials—as well as the increasing significance of thermal
transport properties inherent in their emerging applications—
justify detailed study of their thermal transport properties, of
which current knowledge is relatively limited. There are both
experimental difficulties as well as theoretical challenges in
describing thermal transport in complex materials with large
unit cells.8–10 The thermal conductivity of zeolites is usually
measured by compacting zeolite powders into disks. Compu-
tational approaches have relied on classical molecular dy-
namics simulations, which can provide reasonable property
estimates but do not easily allow discrimination of the con-
tributions from several possible phonon scattering mecha-
nisms nor describe well the quantum statistical aspects
of the phonon physics. Moreover, there can be large
discrepancies9,11 between measured and computed thermal
conductivities.
Here we report our study that combines systematic varia-
tion of zeolite composition, measurements of thermal con-
ductivity using well-intergrown polycrystalline zeolite films,
and modeling of thermal transport incorporating detailed in-
put from atomistic lattice dynamics calculations made with
a high-quality interatomic potential. This approach allows
separation and analysis of the structural and dynamical fac-
tors that influence the conductivity. We have chosen the im-
portant zeolite MFI Ref. 8 as a well-characterized model
system. MFI has ordered sinusoidal and straight channels of
crystallographic pore size 0.9 nm running along 100 and
010 directions, respectively. It can be made as a pure-SiO2
material or with different Si/Al ratios as low as 25. We
prepared oriented MFI films of 10 m thickness on pol-
ished -alumina substrates by secondary seeded growth
from a spin-coated seed layer of MFI nanoparticles. The
films were polished to sub-10-nm surface roughness and
were characterized by x-ray diffraction, scanning probe mi-
croscopy, scanning electron microscopy, and energy disper-
sive spectroscopy to determine the crystal structure, out-of-
plane crystal orientation of the film, surface roughness, and
Si/Al ratio. We then modeled the thermal conductivity in the
framework of the Boltzmann transport equation, with de-
tailed input on phonon dispersion and specific heat from ato-
mistic lattice dynamical simulations. Detailed consideration
of various phonon scattering processes, represented by theo-
retical expressions with a small number of physically signifi-
cant fitting parameters, allowed us to elucidate both the ef-
fects of aluminum incorporation as well as the relative
importance of each scattering mechanism, in determining the
temperature and composition dependence of the thermal con-
ductivity.
II. EXPERIMENTAL AND COMPUTATIONAL METHODS
A. MFI film synthesis and characterization
Porous -alumina substrates with porosity of 25% were
purchased from Coorstek and polished with SiC paper Bue-
hler Inc., 400/800 grit at 140 rpm for 2 min in order to
obtain a smooth surface for deposition of MFI nanoparticles.
A clear solution with molar ratio of 1 tetraethylorthosilicate
TEOS Aldrich: 1 tetrapropylammonium hydroxide Ald-
rich: 23 H2O was hydrothermally reacted at 90 °C for 24 h
in a Teflon-lined stainless steel autoclave under rotation, to
obtain 100 nm MFI nanoparticles. A 50 wt % MFI nanopar-
ticle dispersion in ethanol was ultrasonicated, filtered and
spin-coated model 100CB, Brewer Science, Inc. on alu-
mina substrates at 3000 rpm and ramping rate of 500 rpm for
45 s. The coated substrates were placed at an inclined angle
with the seeded side facing downwards in a Teflon-lined
stainless steel autoclave for hydrothermal synthesis at
175 °C lower Si/Al ratios for 48 h and 140 °C higher
Si/Al ratios for 72 h. The secondary growth solutions con-
tained molar ratios of 4−x TEOS: x Al:0.9 tetrapropylam-
monium bromide TPABr Aldrich: 0.9 KOH: 940 H2O,
with 0x0.25. The potassium aluminate solution was pre-
pared by hydrolyzing aluminum powder in KOH, TPABr,
and water solution for 1 h. The potassium silicate was pre-
pared by mixing TEOS in KOH, TPABr, and water solution
for 1 h, and then both solutions were mixed together. The
films were rinsed with hot de-ionized water, dried at 60 °C
for 3 h, and calcined in air at 500 °C for 6 h with a heating
rate of 1 °C/min. The films were then characterized by x-ray
diffraction PANalytical X’Pert Pro, Cu K to obtain the
film orientation. The films were polished with SiC paper
Buehler Inc., 400/800, 600/1200, 1000, and 4000 grit at
100 rpm for 35 s each. The films were sequentially polished
with alumina polishing suspensions of 0.5, 0.3, and 0.05 m
grades. The film roughness was characterized by atomic
force microscopy AFM Pico Plus, Molecular Imaging us-
ing the contact mode technique. The film thicknesses and
compositions were characterized by a scanning electron mi-
croscopy SEM LEO 1550, 10kV equipped with energy
dispersive spectroscopy.
B. Thermal conductivity measurements
The thermal transport properties of MFI zeolite films
were characterized using the three-omega technique.12 A four
point probe metal heater was fabricated on the film surface
by evaporation of titanium and gold layers through a shadow
mask. The thickness of the titanium layer was 30 nm and the
thickness of the gold layer was 160 nm. An alternating cur-
rent signal of amplitude 5 V was applied to the metal heater.
Both the in-phase and out-of-phase response of the third har-
monic voltage over a frequency range of 75–2000 Hz were
employed to analyze the thermal conductivity of the zeolite
films. The measurements were performed at temperatures be-
tween 150 and 450 K in a vacuum cryostat 10−8 Torr.
The three-omega voltage responses were obtained and used
to calculate the thermal conductivity. The magnitude and
phase of the three-omega voltage are directly related to the
temperature response of the metal line, which is a function of
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the thermal properties of the underlying material. The ther-
mal conductivity was deduced by a least-squares fit of a two-
dimensional analytical solution for a periodic heat source on
a multilayer-film-on-substrate system.12 The thermal conduc-
tivity of the substrate was measured separately see Ref. 13
using the same methods as before. The substrate was shaped
into a disk with a thickness of 1 mm and a diameter of 1 in.
The specific heat of the porous -alumina substrate was cal-
culated from the bulk -alumina heat capacity by first deter-
mining the volume fraction of the substrate. This was
achieved by physically measuring the mass and the volume
of the substrate and comparing to the volume calculated from
the density of bulk -alumina. Then, the heat capacity values
of the porous -alumina were calculated see Ref. 13 from
the known heat capacity of bulk -alumina. Note that the
measurements are made under vacuum, so the porous frac-
tion of the substrate makes no contribution to the specific
heat.
C. Energy minimization and phonon dispersion
calculations
The dispersion relationships of the MFI zeolites were
determined through lattice dynamics modeling. The General
Utility Lattice Program14 was used to minimize the crystal
energy, calculate the eigenvalues of the dynamical matrix,
and obtain the dispersion relationship along any orientation
within the crystal. We used an accurate force field15 that
incorporates coulombic potentials, two-body van der Waals
potentials, a three-body interaction term, and furthermore,
the polarizability of oxygen through a core-shell treatment.
We showed previously8 that the latter two features are im-
portant for accurate specific heat calculations, which can be
used to test the quality of the force field. The pure-SiO2 MFI
unit cell has the formula Si96O192. To create structures with
different Si/Al ratios, random Si atoms were replaced by Al
atoms, with the constraint that no two Al sites can be adja-
cent as dictated by Loewenstein’s rule.16 We used one unit
cell of size 5.36 nm3 Ref. 3 and containing 288 atoms
for the computations, since larger unit cells are computation-
ally too demanding. Aluminum atoms have a charge of +3
whereas silicon atoms have a charge of +4, so every Al sub-
stitution requires the addition of a proton to maintain the
electrical neutrality of the unit cell. Each proton is placed in
a pore and is bonded to an oxygen atom that is bonded to an
aluminum atom. The hydrogen atom is placed in the pore,
because the interior of the pore is one of the most electrone-
gative regions of the crystal. Furthermore, tetrahedra with
aluminum atoms are more electronegative than those with
silicon atoms. During the energy minimizations, the frac-
tional coordinates of all the 288 atoms in the MFI structure
are allowed to relax and the unit cell parameters are left
constant at the values obtained from the crystal structure.1
Newton–Raphson and rational function optimization minimi-
zation techniques are used. The potential energy surface is
complicated and has many saddle points. Therefore, care
must be taken when analyzing the results. The eigenfrequen-
cies reveal if a local minimum has been reached. If all the
phonons frequencies are real the dynamical matrix is positive
definite, which implies the positive definiteness of the Hes-
sian matrix. The structures are also examined visually to
verify their reasonableness. The full anisotropic phonon dis-
persions for all 864 branches were then calculated across the
entire Brillouin zone. The dispersions are calculated by
evaluating the square roots of the dynamical matrix eigen-
values across an evenly spaced grid of 1000 points that spans
the positive octant of the Brillouin zone. The effect of alu-
minum configurations is checked by calculating the disper-
sion for two structures with the same Si/Al ratios but differ-
ent aluminum atom locations. The resulting dispersions are
only weakly dependent on the configuration of the aluminum
atoms. See Ref. 13 for sample results of the phonon disper-
sion and phonon speed for one branch. Similar calculations
are done for all 864 branches.
III. RESULTS AND DISCUSSION
The introduction of aluminum into the synthesis changes
the crystal growth characteristics and thus the film orienta-
tion in ways that are poorly understood. Considerable opti-
mization of the synthesis conditions temperature, composi-
tion was necessary to synthesize several MFI films with
varying Si/Al ratios, all with the same h0l out-of-plane
orientation as shown by x-ray diffraction Fig. 1. MFI films
with Si/Al ratios below 25 could not be prepared irrespective
of the crystal orientation, for reasons that are likely related to
the stability of the crystal structure and the alteration of the
growth mechanism in the presence of larger amounts of alu-
minum precursors. Figure 2 shows the SEM top views of a
FIG. 1. X-ray diffraction patterns of MFI films as a function of composition,
showing the high degree of h0l out-of-plane orientation * represents the
peak from the alumina substrate.
FIG. 2. SEM images of MFI films: a top view of MFI films, b polished
surface of MFI films, and c cross-sectional view of MFI films. Scale bars
are 10, 5, and 1 m, respectively.
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typical film before and after polishing, and the cross-section
view of the film after polishing. The polishing step was
found to be important for reliable heater deposition prior to
three-omega measurements of thermal conductivity. Table I
summarizes the obtained Si/Al ratios from energy dispersive
spectroscopy EDS, the root-mean-square rms roughnesses
from AFM, and the Scherrer domain sizes vide infra ob-
tained from x-ray diffraction XRD. The EDS results were
obtained using an electron beam of 3 m spot size and were
averaged over numerous regions of the membrane cross sec-
tion to obtain a reliable estimate of the composition. The
present MFI films are measured to have Si/Al ratios of , 82,
36, and 26. Figure 3 shows the thermal conductivity of
h0l-oriented MFI films as a function of Si/Al ratio in the
temperature range of 150–450 K. It is clear that the thermal
conductivity varies continuously as a function of the alumi-
num content. Furthermore, the conductivity increases with
temperature over the entire range investigated. It was verified
through repeated experimentation that the observed behavior
was not the result of artifacts arising, e.g., from heater con-
tact resistance.
The observed thermal conductivity could not be ex-
plained by previous models8,10,11,17 which assume that the
acoustic phonon dispersions can be treated as linear and iso-
tropic, and that the optical modes can be neglected. We were
able to successfully model the thermal conductivity with a
considerably more detailed approach. Crystal structures with
Si/Al ratios of 95, 47, and 31 were created and used to de-
scribe the behavior of the experimentally generated Si/Al
ratios of 82, 36, and 26. This approximation is made in an
obviously consistent manner and does not lead to any loss of
understanding of the phonon physics. Examples of the cal-
culated phonon dispersion curves are shown in Ref. 13. The
expression used to calculate conductivity in any crystal di-
rection j is
kj =
kb
83P     kbT	
2

e/kbT
e/kbT − 12
v j
2	 jdKxdKydKz. 1
The integral is over a discretized grid throughout the entire
Brillouin zone and the summation is over all polarizations.
The phonon velocity v j is the local gradient of the dispersion
projected onto crystallographic direction j, in this case 101
which is the primary out-of-plane orientation of the poly-
crystalline film. The phonon velocities are calculated for ev-
ery phonon branch at every point of the computational grid
in the Brillouin zone, using the previously calculated phonon
dispersion curves. The dispersion curves are also used to
calculate the phonon specific heat contribution to the thermal
conductivity, as represented by the first two terms in the
integral of Eq. 1.
A critical issue in modeling thermal conductivity of crys-
tals is the calculation of the phonon relaxation lifetimes that
are a consequence of different phonon scattering mecha-
nisms operating in the material. In theory, the relaxation time
	 j can be calculated from the Fermi scattering equation.
17
However, this calculation is extremely expensive for a
simple material, and all but impossible for a complex mate-
rial such as MFI. Some components of 	 j can be estimated
from molecular dynamics,9 but defect and boundary scatter-
ing cannot be easily accounted for. There have also been
molecular dynamics studies that explicitly calculate phonon
lifetimes in simple crystals,18,19 but this approach requires a
large number of simulations with varying system sizes in
order to adequately sample the Brillouin zone. The size and
TABLE I. MFI film composition measured by EDS, and rms roughness measured by AFM. Sample 1 has an
Al content below the least count of EDS.
No.
Si/Al ratio in
synthesis composition
Growth
T°C Actual Si/Al ratio
rms roughness
Å
Scherrer domain size
nm
1  140 
400 102±10 97±2
2 100 140 82±15 65±10 100±2
3 65 175 36±6 64±10 94±2
4 35 175 26±5 45±10 93±2
FIG. 3. Measured thermal conductivity of MFI films as a function of Si/Al
ratio over a temperature range of 150–450 K. Symbols are experimental data
and solid lines are model predictions. Experimental error estimate is ap-
proximately 0.01 W/m/K.
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complexity of the MFI unit cell precludes the computational
feasibility of this approach. As a result, semitheoretical ex-
pressions are used to estimate the relaxation times.8–11,17 The
three processes considered in the present conductivity model
are umklapp U phonon-phonon scattering, boundary scat-
tering, and point defect scattering. It was shown20 that nor-
mal N phonon-phonon scattering is unimportant in quartz,
and the same is assumed in MFI. The expression used for U
processes is17
	U
−1 = B2Te−/3T. 2
Here,  is the Debye temperature and is estimated to be 926
K for MFI. This estimate is obtained by fitting the Debye
model of specific heat to experimental data.8 However, the
calculated results are insensitive to the exact value of the
Debye temperature used, for reasons that will become clear
during the subsequent analysis of relaxation time behavior.
As temperature increases, U processes dominate and the con-
ductivity would become inversely proportional to tempera-
ture. This semitheoretical expression is the least rigorous part
of the model but is still capable of providing a semiquanti-
tative estimate of the importance of this phonon scattering
mechanism in determining the thermal properties. Point de-
fect scattering occurs from isolated zero-dimensional defects,
while boundary scattering occurs from two dimensional pla-
nar defects such as grain boundaries, stacking faults, or
lattice-strained planes that divide the crystal into domains.
The expression for point defect scattering is17
	D
−1 = A2g . 3
Here g is the phonon density of states. In principle, the
material-dependent constant A can be calculated “ab initio,”
but in practice this requires far more structural information
about the defects than is practical to ascertain. Therefore, A
is treated as a fitted parameter, which can now be reliably
determined because of the existence of a series of samples
with varying numbers of point defects. The expression for
boundary scattering is17
	B
−1 = v/leff. 4
The effective distance a phonon travels between bound-
ary scattering events could be estimated theoretically if
enough information about the domains shape, size, interfa-
cial reflectivity were available. Since it is not practical to
obtain this information, the effective distance is also treated
as a fitted constant. The overall inverse relaxation time is
calculated by summing the inverse relaxation time contribu-
tions from Eqs. 2–4. Then Eq. 1 is used to fit the model
by nonlinear least squares to the experimental data. Note that
there are only three parameters in the fit: A, B, and leff, of
which the last two are constant across all the samples. We
ensured that a large parameter space was explored by using a
number of initial guesses. A unique best-fit result of high
quality was obtained as shown in Fig. 3 and the fitted param-
eters are summarized in Table II. The parameter A depends
nonlinearly on the Si/Al ratio, since Al atoms can influence
phonon transport by scattering from an impurity atom of
different mass, difference in the effective spring constant of
Al-O bonds, and local strain fields that scatter phonons.
Despite the inclusion of U processes, the thermal con-
ductivity of MFI increases with temperature, implying that
other scattering processes as well as specific heat effects
dominate the temperature dependence. We found that the
boundary scattering term with a fitted leff of 4.8 nm makes
by far the strongest contribution of the three phonon scatter-
ing mechanisms and limits the absolute value of the thermal
conductivity. The obtained value of leff is worthy of more
detailed discussion. Several authors report the existence of
sub-100-nm domains in zeolite crystals.21,22 An upper limit
on the domain size is estimated from XRD as 100 nm
Table I by the Scherrer relation23 which uses the full width
at half maximum of the XRD peaks. However, the Scherrer
domain size 100 nm is much larger than the fitted leff
and is unlikely to limit the propagation of phonons at nanom-
eter length scales. Furthermore, the MFI structure is inher-
ently free of pore stacking faults1,24 that might also act as
phonon scattering boundaries. The high quality of the ob-
tained fit strongly implies that the temperature-independent
boundary-like scattering mechanism arises from the interac-
tion of the lattice vibrations with the pore network, which
disrupts long-range lattice vibrations. The periodicity of the
pore structure in MFI is about 1.5 nm and the crystallo-
graphic pore size is about 0.9 nm.24 Heat carriers would thus
have a mean free path that is determined by the length scale
of the pore network. From the point of view of real-space
visualization of thermal transport as opposed to the present
reciprocal-space approach, the presence of nanoscale voids
would impede the atom-to-atom transfer of heat energy at the
surfaces of these voids, since this heat energy must be either
reflected back from the void/pore or be channeled around it.
Very recently, similar arguments based upon the results of
molecular dynamics simulations have been advanced to
qualitatively explain the thermal conductivity of nanoporous
metal-organic frameworks.25 The temperature-independence
of the main phonon scattering mechanism in MFI also ex-
plains the unusual viz. monotonically increasing tempera-
ture dependence of the conductivity, which is well described
by the increase in specific heat with increasing temperature
also see Fig. 4 and the following discussion. We note that
the umklapp relaxation time expression Eq. 2 is the most
rigorous one available from previous theoretical efforts, but
is still based on assumptions that may not be perfectly valid
for MFI. Future work could focus on developing a general
umklapp term valid for all phonon branches, which could
then allow a more quantitatively accurate estimate of the
relative importance of boundary and umklapp effects on pho-
non transport in complex crystals.
TABLE II. Fitted phonon scattering model parameters for MFI films. Um-
klapp parameter B and effective domain size leff are held constant across all
the samples whereas A varies with Al content.
Si/Al ratio
A
10−31 s / rad2
B
10−21 s /K rad2
leff
nm
 5.7±0.1 7.4±0.1 4.8±0.1
82 6.4±0.1 7.4±0.1 4.8±0.1
36 45.2±0.1 7.4±0.1 4.8±0.1
26 85.2±0.1 7.4±0.1 4.8±0.1
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Below the upper limit defined by boundary scattering, Al
incorporation can effectively suppress the conductivity as
seen from the rapid increase in the value of the parameter A
with increasing Al content. Our approach allows us to deter-
mine whether this is due to decreased specific heat, de-
creased phonon velocity, or increased point defect scattering.
The calculated specific heat Fig. 4 changes negligibly with
increasing Al content, whereas the mean phonon velocity
Figs. 5a and 5b changes significantly. These results may
seem surprising because both quantities are calculated di-
rectly from the dispersion curves. However, the modal spe-
cific heats are fairly insensitive to small/moderate amounts
of Al because states with energies much lower than kbT all
have the same specific heat and states with energies much
higher than kbT do not contribute as much to the specific
heat. The mean phonon velocity is calculated by taking a
weighted average of the modal velocities of all phonon
states. It is calculated with both the modal specific heat and
the modal thermal conductivity as weighting functions Figs.
5a and 5b, respectively. The specific-heat-weighted
mean phonon velocity decreases significantly with increasing
aluminum content because aluminum has a smaller charge
than silicon, so the aluminum-oxygen bond is softer than the
silicon-oxygen bond. The average speed decreases with in-
creasing temperature, because phonon branches with higher
frequencies start contributing to the specific heat and these
phonon branches tend to have smaller group velocities.
When modal conductivity is used as a weighting function,
one obtains a more accurate estimate of the group velocities
of phonons that contribute to thermal conduction. However,
this method also makes it difficult to discern whether the
mean phonon velocity is changing because different scatter-
ing mechanisms affect the distribution of heat over different
phonon states, or whether the phonons are actually slowing.
The conductivity-weighted mean phonon speed starts to in-
crease at higher temperatures because the umklapp scattering
term becomes stronger and it scatters high-frequency, low-
velocity phonons more strongly than the faster lower-
frequency phonons. Irrespective of the weighting method,
the results of Fig. 5 show that the presence of Al atoms slow
the mean phonon velocity by about 25% from pure-silica
MFI to the sample with Si/Al=26. However, the observed
decrease in thermal conductivity Fig. 3 is also due to in-
creased point defect scattering. We note from Table II that
the point defect scattering parameter A is negligible for the
pure-SiO2 sample but not zero since there is still a small
concentration of defects such as missing Si atoms,1 and that
it increases sharply with Al content to an extent that defect
scattering makes a significant contribution to the drop in con-
ductivity at higher Al contents. It is important to mention that
the effect of Al incorporation is stronger than that expected
simply from the “isotope” effect i.e., substitution of Si with
Al, which has a slightly different atomic mass. The Al-O
bonds are softer than the Si-O bonds and the resulting local
strain would significantly impede the transfer of heat energy
i.e., serve as localized phonon scatterers in reciprocal space
in addition to slowing the mean phonon velocity. This phe-
nomenon has also been visualized in real-space for other
aluminosilicate materials by molecular dynamics simula-
tions.9
IV. CONCLUSION
We have presented a combined experimental, computa-
tional, and theoretical approach that leads to some new find-
ings regarding the mechanisms of phonon transport in nano-
porous materials. Using a controlled hydrothermal zeolite
thin film growth technique, we were able to prepare a series
of MFI films with constant out-of-plane orientation and dif-
ferent Si/Al ratios. Combining three-omega measurements
with energy-dispersive x-ray analysis of the film composi-
tion, we obtained a first set of comprehensive data on ther-
mal transport in MFI as a function of temperature and com-
position. The developed model, which incorporates
information from detailed atomistic lattice dynamics calcula-
tions, well describes the observed behavior and strongly sug-
gests that the main phonon scattering mechanism limiting the
FIG. 4. Calculated specific heat of MFI for different Si/Al ratios. All curves
overlap and the differences are negligible.
FIG. 5. Calculated mean phonon speeds in MFI for the 101 direction and
different Si/Al ratios with a the modal specific heat as weighting function
and b the modal thermal conductivity as weighting function.
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thermal conductivity of nanoporous crystals such as MFI is
the boundary-like scattering from the pore network. We also
find that Al incorporation significantly suppresses the ther-
mal conductivity due to a combination of phonon slowing
and localized phonon scattering, and not due to specific heat
or isotope scattering effects. It is important to emphasize that
the present approach, although approximate in the handling
of phonon scattering, still represents a considerable advance
in measuring and modeling the thermal conductivity of zeo-
lite materials. The synthesis of polycrystalline thin films with
controlled compositional variation, thermal property mea-
surements on these films, and the current modeling approach
together have potential as a robust platform for understand-
ing thermal transport in complex crystals and separating the
contributions from different scattering processes. The impor-
tant roles of boundary and defect scattering, as illustrated
here, also imply that the thermal conductivity of these com-
plex crystals can be tuned by exploiting not only the compo-
sition but also the pore structure, e.g., by the inclusion of
molecular species in the pores.
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